NHX -type antiporters in the tonoplast have been reported to ¡ncrease the salt tolerance of various plants species, and are thought to mediate the compartmentation of Na+ in vacuo les. However, all isoforms characterized so far catalyze both Na+/H+ and K+/H + exchange. Here, we show that AtNHX1 has a critical involvement in the subcellular partitioning of K+, which in turn aftects plant K+ nutrition and Na+ tolerance. Transgenic tomato plants overexpressing AtNHX1 had larger K+ vacuolar pools in all growth conditions tested. but no consistent enhancement of Na+ accumulation was observed under salt stress. Plants overexpressing AtNHX1 have a greater capacity to retain intracellular K+ and to withstand salt-shock. Under K+-limiting conditions, greater K+ compartmentation in the vacuole occurred at the expense of the cytosolic K+ pool. which was lower in transgenic plants. This caused the early activation ofthe high-affinity K+ uptake system. enhanced K+ uptake by roots, and increased the K+ content in plant tissues and the xylem sap of transformed plants. Our results strongly suggest that NHX proteins are li kely candidates for the W-lin ked K+ transport that 15 thought to facilitate active K+ uptake at the tonoplast. and the partitioning of K+ between vacuo le and cytosol.
INTRODUCTION
A critical process i n the sa lt t ole rance of plants is t he eo mpartmentation of Na+ i n vac uo les, w hich prov ides an effi eíent mee hanis m to ave rt t he delete ri ous effeets of Na + in t he eytoso l, wh ile mediating vacuo lar osm otie adjustment that l ae ilitates wate r uptake into ce lis (Bl um wald el al., 2000) . The NHX proteins we re o rigin ally deseribed as Na +/H+ antiporters located in the tonop last, driving Na + aecu m ulation i nto the vacuo le, and eonfe rri ng salt toleranee (Apse et al., 1999; Gax iola et al., 1999; Quintero et al., 2000) . Howeve r, in sp ite of numerous reports of imp roved ha lotole ranee by the ove rexpress ion of NHX·type exehange rs in vario us plant speeies, the meehanism underlyi ng the enhaneemen t of salinity tole ranee by these t ransporters ls nol yet clear (Teste r an d Oavenpo rt, 2003; Pardo el al., 2006) . Severa l reports fai led to find the anticipated eorre lation between i ncreased salt tolerance an d enhanced accumulation of Na+ by NHX proteins (Oh ta el al., 20 02; Fukuda el al., 2004; Wu et al., 200 9) , wh ereas ot he rs found greater K+ eontents, rath er th an greater Na+ contents, in tissues of t he transgeni e plants (X ue et al., 2004; Wu et al., 2005; Zhao el al., 2006; Rod ri guez-R osa les et al., 2008) . AII plant NHX-type t ran so po rters cha raete rized to date can be elassified into two groups: elass I and elass 11 (Brett el al., 2005; Pardo el al., 2006) . Proteins of class I localize to vacuo les and eatalyze Na +/H+ and K+/W exchanges in vitra, whereas the endosoma l (non-vacuo lar) class-II proteins may show a preference fo r K+ ove r Na+ as the substrate (Venema et al., 2002 (Venema et al., , 2003 Apse el al., 2003; Rod riguez-Rosa les el al., 2008) . Bioehemica l studies have estab lishe d t hat AtNHX1, a class-I protei n, catalyzes both Na+/W and K+/W exehange with simila r affinity (Venema el al., 2002; Apse el al., 2003; Ya m agueh i et al., 2005) . M oreover, bind ing of t he ealmodu lin-like protei n AtCa M15 of Arabidapsis thaliana to the C termi nus of AtNH X 1 lowe red the maxim al ion-exehange rate (Vmax) of the Na+jH+ exchange activity in isolated vacuo les, whereas the V max of the K+jH+ exchange activity was not significantly altered, thus leading to a decrease in the Na+ : K+ transport ratio (Yamaguchi et al., 2005) . Indirect evidence from resto red tolerance of yeast nhx1 mutants to NaCI and KCI suggested that the vacuolar proteins OsNHX1 from Oryza sativa Irieel, and InNHX1 and InNHX2 from Ipomoea ni! (Morning glory), also have dual Na+ and K+ specificity IFukuda et al., 2004; Ohnishi et al., 20051. Thus, insuffieient Na+-K+ discrimination brings into question the role of vacuo lar NHX1-like proteins as effective Na+ scavengers in planta, as the cytosolic K+ concentration will most likely exceed that of Na+, even under salinity stress (Carden et al., 2003; Tester and Davenport, 20031 . Cytosolie Na" eoneentrations of 10-30 mM have been estimated in the rootcells of salt-treated glycophytes by X-ray microanalysis and ion-sensitive electrodes, whereas cytosolic K+ will often remain aboye the 60 mM level (Hasegawa et al., 2000; Carden et al., 20031. Besides their role in salinity tolerance, N HX protei ns have been implicated in the control of vacuolar pH in petal cells of Ipomoea IFukuda-Tanaka et al., 2000; Yamaguehi et al., 2001; Yoshida et al., 20051 , and of leaf eell expansion in Arabidopsis IApse et al., 20031 . The partieipation of NHX proteins in these pro ces ses is most likelyto be related to K+j H+ exchange, as Na+ concentrations in the cytosol of plant cells remain low in the absence of salinity stress. Vacuoles occupy most of the intracellular volume in many plant cells and are the main cellular resetvoir for K+. Changes in tissue K+ concentration are largely a reflection of the dynamics of the vacuo lar pool. By contrast, cytosolic K+ concentrations are tightly regulated through the integrated regulation of K+ uptake and efflux at the plasma membrane, and K+ import and export at the tonoplast ILeigh, 20011. Cytosolie K" concentration is thought to decline only when vacuolar K+ has been depleted IWalker et al., 19961. Conversely, surplus K+ is placed into the vacuole to maintain cytosolic K+ within narrow limits, independently of K+ abundance in the growth medium. At the usual range of tonoplast membrane potential (20-40 mV, positive inside) and cytosolic K+ activity (80 mM), transport of K+ into the vacuole in K+-replete cells occurs against the electrochemical gradient, and must be energized IWalker et al., 1996; Martinoia et al., 20001 . Two mechanisms have been proposed for active accumulation of K+ in the vacuole (Leigh, 2001) . One is the vacuolar pyrophosphatase that may couple H+ and K+ pumping into the vacuo le, but this has not been confirmed experimentally. A K+jH+ antiporter energized by the pH gradient across the tonoplast has also been suggested to control vacuo lar K+ accumulation, albeit the molecular identity remains elusive IWalker et al., 1996; Carden et al., 20031 . Vaeuolar N HX-type exchangers could se tve this critical function in plant cells.
To obtain further insights into the physiological role of NHX proteins, we undertook a detailed characterization of the ion relations of transgenic tomato overexpressing the vacuolar antiporter AtNHX1 of A. thaliana under different supplemental K+ and Na+ regimes. Our results show a critical involvement of AtNHX1 in the subcellular partitioning of K+ that, in turn, affects plant K+ nutrition and Na+ tolerance.
RESULTS

Phenotype 01 transgenic lines
The eDNA eorresponding to the Arabidopsis AtNHXl gene IAt5g271501 IYokoi et al., 20021 Figure 1a ). Tonoplast vesicles from the roots (Figure 1b ) and leaves (data not shown) of line N-367 showed greater Na+jH+ and K+jH+ exchange activity than vesicles from control plants. Both the exchange of Na+jH+ and K+jH+ increased twofold in transgenic plants over the background of the endogenous antiporter activity in tomato (Figure 1c ). No significant difference was found in vacuolar ATPase activity, and in the magnitude of inside-acid pH gradients performed in tonoplast vesicles from control and transgenic plants (Figure 1c) . The commensurate gain in Na+jH+ and K+jH+ exchanging capacities in tonoplast membranes of the N-367 plants is in agreement with the low Na+-K+ selectivity of AtNHX1, previously determined in artificial proteoliposomes and Arabidopsis vacuo les IVenema et al., 2002; Apse et al., 20031. Rates of Na+jH+ and K+jH+ exchange in the vacuoles of control plants were subtracted from the rates in transgenic plants and fitted to Michaelis-Menten kinetics. The Km of AtNHX1 protein was estimated at 22 ± 12.8 mM for Na+ and 20.9 ± 14.7 mM for K+. V max was also similar for both cations [116 ± 20 for Na" and 96.5 ± 19.9 for K"; measured as the relative change in fluorescence (fj,FjF max ) 
Together, these results demonstrate that transgenic lines had a greater number of active NHX1-type transporters than control plants, and that they had low Na+-K+ selectivity. Overexpression of AtNHX1 has been shown to convey salt tolerance to tomato plants (cv. Moneymaker) (Zhang and Blumwald, 2001 AtNHX1 were more salt tolerant than control plants when the stress treatment was applied as salt-shock (Figure 2 ). By contrast, when salinity was increased stepwise at 25-mM increments twice a day, to reach final concentrations of 75 or 150 mM NaCI, plant growth was similarly inhibited in control and all transgenic lines tested (Tables 1 and 81 ). In these (Table 81) . Notably, no consistent enhancement of Na+ accumulation was observed in the AtNHX1-overexpressing transgenic lines under all saline regimes tested, including the salt-shock treatments to which the transgenic lines showed greater tolerance than control plants (Figure 2 ; Tables 1 and 81 Figure 3 (b), rates of K+ uptake were greater in plants ofthe transgenic line relative to the control line. Consistent with enhanced root K+ uptake, xylem sap collected from excised roots of transgenic fine N·367 plants grown in 4 mM K+ contained much greater K+ concentrations than sap from control roots (32.9 and 8.4 mM, respectively). Non-starved plants of various independent transgenic lines in standard growth conditions (4 mM K+) showed significantly higher K+ concentrations in leaves and roots than control plants ( Table 82 ). Together, these results demonstrate that plants overexpressing AtNHX1 take up K+ more rapidly, and are more responsive to K';" deprivation, than control plants.
High-affinity K+-uptake systems mediate K+ nutrition at low external concentrations, and are induced by K+ depri- 
Vacuolar compartmentation of K+ and Na+
A combination of scanning electron microscopy and energy dispersive X-ray microanalysis (8EM-EDX) was used on frozen sections to measure the vacuolar ion contents in various leaf and root cell types of salt-treated tomato plants (Table 2) . Although this technique does not enable the quantification of absolute ion concentrations, changes in the relative abundance of various mineral elements can be assessed. As net K" concentration in planttissues is largely a Table 2 , in only one instance (cortical cells at 75 mM NaCI) was the vacuolar content of Na+ greater in the transgenics. These results, together with the total Na+ concentrations determined in whole plants as described aboye, indicate that overexpression 01 AtNHX1 did not appreeiably enhanee the eapaeity 01 Na+ sequestration into vacuo les. The sequestration of ions in the vacuo lar lumen is accompanied by the concurrent synthesis and accumulation 01 compatible salutes in the eytosol (Hasegawa el al., 20001. Therefore, the concentrations of free sugars and of the amino acid proline were determined in control and transgenie plants 01 line N-367 with and without 150 mM NaCI. Sugars were significantly greater (P < 0.05) in leaf and roots of transgenic plants in the absence of salt stress (Table 3) . The greatest increase (62%) was found in leaves of transgenic plants relative to control leaves. After 30 days in salt, transgenic plants still had slightly greater concentrations of free sugars in leaves and in roots, albeit the differences in roots were not statistically different. Proline concentrations, which were not different among plant lines without salt stress, were significantly greater in leaves and roots of the transgenic plants under salt stress (Table 3) . As expected, the osmotic potentials in both control and transgenic plants were more negative under salt stress than in regular growth medium. However, the organic (proline and sugars) and inorganic (K+ and Na+) solute concentration differences among plant lines did not result in different osmotic potentials of the transgenic plants relative to controls (Table 31 . Next, we tested whether the differential upregulation of HAK5 in the transgenic lines also occurred under salinity stress. Enhanced express ion of HAK5 could, theoretically, contribute to better Na+-K+ discrimination in saline media (Rodriguez-Navarro, 20001. Control and N-367 plants were subjected to salt-shock with 150 mM Na2S04 (i.e. similar conditions to the experiment shown in Figure 2 ) for 2,4 and 6 days. As depicted in Figure 4c, (-168 ± 10 and -163 ± 11 mV, respectively)( Figure 5 ). After the addition of 1 mM NaCN and 1 mM salicylhydroxamic acid (SHAM) to the assay media, to inhibit ATP synthesis and W pumping, new resting membrane potentials (apparent diffusion potentials, ED) were reached ( Figure 5) . Notably, ED values were lower in the wild type (-100 ± 7 mV; n = 5) than
.. in N-367 plants (-77 ± 14 mV; n = 5 showed a strong dependency on external K+, the most permeable ion in plant cell membranes, in both transgenic and wild-type cells (Figure 5a,b) . The slopes of changes in ED in response to external K+ were similar (25-30 mV for a 10-fold increase in extracellular K+), indicating that the permeability of the plasma membrane to K+ did not differ among plant lines (Figure 5c ). However, root cells of N-367 plants showed less negative ED values than wild-type cells over all external K+ concentrations tested (Figure 5c ), indicating that K+ activity in the cytosol oftransgenic plants was diminished (Mith6fer et al., 2005) . On the other hand, similar increases in external Na+ concentrations elicited equivalent depolarization of membranes of only 10 mV in both wildtype and N-367 epidermal root cells (data not shown).
To measure the actual cytosolic K+ activity (K\yt), doublebarreled K+-selective microelectrodes were used to impale epidermal root cells of control and transgenic plants grown in 0.1 mM KCI (Figure 6 ). K+cyt activities were calculated from microelectrode calibration curves (slopes were close to 51 mV/pK+). There were no significant differences between Em measurements in transgenic and control plants (-168 ± 3 mV in the wild type and -165 ± 5 mV in N-367; n = 3) when the double-barreled K+-selective microelectrodes were used, and the Em values were similar to those registered with single-barrel microelectrodes, as described aboye. By contrast, K\yt was significantly different between genotypes ( Figure 6 ). The K\yt determined in impaled wildtype seedlings was 98 ± 1.3 mM, but was only half that, i.e. 55 ± 2.2 mM (n = 3), in the N-367 seedlings. Together, these results demonstrate that overexpression of AtNHX1 reduced K+ activity in the cytosol of transgenics plants under limiting (0.1 mM) levels of external K+.
DISCUSSION
Based on biochemical and physiological data, a critical role for tonoplast Na+/W antiporters in minimizing cytoplasmic Na+ concentration through the sequestration of this ion in vacuoles has been proposed (Blumwald et al., 2000) . Thus far, the only Na+-K+/W antiporters known to localize to the tonoplast of plants belong to the NHX family. Overexpression of NHX proteins from various sources have been shown to increase salt tolerance in a range of plant species (Pardo et al., 2006; Munns and Tester, 2008) . However, only a few of these studies have addressed the ion relations of the transgenics overexpressing NHX proteins. Results have been disparate, ranging from enhanced Na+ or K+ accumulation in the transgenics to no significant differences with controls 
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Under salt stress, K+ concentrations in different parts of tomato plants decreased, whereas the Na+ concentration increased in both transgenic and control lines, following well-known patterns of salt-related mineral changes in tomato (Rush and Epstein, 1981; Olias el al" 20091 . However, no consistent differences in Na'" contents among transgenic and control lines were observed after saline treatments (Tables 1 and S1 ), despite the significant enhancement of Na+/H+ antiporter activity in tonoplast vesicles purified from these transgenic plants (Figure 1) . By contrast, the expression of AtNHX1 led to the enhanced retention of K+ in Under salinity stress, Na+ transport will also take place because of the rising concentration of this ion in the cytosol. However, the cytosolic concentration of K+ would still be higher than that of Na+ under most circumstances, including when plants are growing under salinity stress {Carden et al., 2003; Tester and Davenport, 2003; Munns and Tester, 20081. For instance, single-cell measurements of cytosolic activities of Na+ and K+ in the root cortex of two varieties of barley subjected to severe salt stress combined with low external K' (200 mM NaCI and 0.1 mM K'I, showed that the Na' activity in the cytosol ranged from 2 to 28 mM, depending on the plant variety and the duration of the treatment, whereas K+ the activity was 40-63 mM. By contrast, Na+ activity in vacuo les was 26-88 mM, which would require active transport, i.e. against the electrochemical gradient of Na+, to compartmentalize cytosolic Na+ into the vacuole. In this scenario, this likely occurs in the cytosol of many plants thriving under salt stress (Munns and Tester, 2008) : K+jH+ exchange by NHX1-like proteins could predominate over, but not suppress, Na+jH+ exchange. The relative prevalence of each exchange would be dependent on the selectivity of the particular NHX protein being considered, and the ionic environment in the cytosol, which in turn will be dependent on the plant species and the intensity and duration of the salinity stress. In addition, Na+ transport across the tonoplast is bidirectional (Demidchik el al., 2002; Tester and Davenport, 20031 . Backllow lrom the vacuole to the cytosol, probably through ion channels, demands sustained influx by Na+jH+ exchange to keep Na+ compartmentalized. Thus, even ifthe K+ : Na+ ratio in the cytosol is high, and the NHX1-like proteins do not discriminate between K+ and Na+, they can still contribute to significant Na+ compartmentation provided that the 'Ieak' from the vacuole to the cytosol is low. These variables, and the conceivable diverse biochemical behavior of NHX-type proteins isolated from various sources, and ectopically expressed in a range of plant species, could explain the disparate results reported regarding the enhanced accumulation of Na+, K+ or both, in the transgenic plants overexpressing NHX proteins. To complicate matters further, Yamaguchi et al. (2005) have shown thatthe ion selectivity 01 AtNHXl can be modulated through a regulatory mechanism involving binding of a calmodulinlike protein to the e-terminal part of the transporter. This interaction resulted in a further gain of K+ selectivity over Na+, albeit these results were obtained in yeast and have not been confirmed in planta. Interestingly, a genetic screen for mutants of AtNHX1 that enhanced the salt tolerance ofyeast cells resulted in the isolation of protein variants with improved discrimination of K+ over Na+ (Hernandez et al., 20091 . Together, these data and the results shown here support the notion that significant transport of K+ into vacuoles by AtNHX1 is an essential component of the salt tolerance conveyed by this exchanger. Another layer of regulation 01 the NHX proteins is imparted by the SOS pathway regulating the efflux and net content of Na+ in plants. The tonoplast Na+jH+ exchange attributed to NHX proteins in Arabidopsis was, when compared with the wild type, significantly higher, greatly reduced and unchanged in the 5051, 5052 and 5053 mutants, respectively (Oiu et al., 20041. An activated lorm 01 the 5052 protein kinase added in vitro increased tonoplast Na+jH+ exchange activity in vesicles isolated from 5052, but did not have any effect on the activity in vesicles isolated from the wild type, 5051 or 5053. Moreover, 5052 interacts with and upregulates the transport activity of the vacuolar H+-ATPase (Batelli et al., 2007 ). These results demonstrate that tonoplast Na+-K+jH+ exchange is a target ofthe SOS regulatory pathway, and that there may be coordinate regulation of ion transporters in the tonoplast and plasma membrane.
If NHX-type proteins can increase salt tolerance without necessarily enhancing Na+ accumulation into vacuoles, the question then remains ofwhat is the biochemical or cellular mechanism that conveys halotolerance to the tomato plants overexpressing the AtNHX1 protein. We suggest that this tolerance derives from the significant role that the AtNHX1 antiporter plays in K+ homeostasis by capturing K+ in the vacuoles, as well as the concurrent increment of compatible solutes (free sugars and proline) inthe cytosol.lt is generally accepted that Na+ inhibits K+ uptake and elicits K+ loss (Maathuis and Amtmann, 1999; Shabala el al., 20061 . Consequently, the enhanced capacity of K+ uptake and subsequent retention is a critical adaptation to salinity stress (Maathuis and Amtmann, 1999; Borsani el al., 2001; Maggio et al., 2006) . A negative correlation between Na+-triggered K+ loss and salt tolerance has been described previously (Chen el al., 2005; Shabala el al., 20061. Owing to the enlarged K+ pool created before the onset of salinity stress, and the subsequent retention afterwards, the transgenic plants would be better poised to withstand the imposition of salt stress, particularly il applied as a salt-shock (Figure 21 . The larger vacuo lar pool of K+ could sustain and stabilize the cytosolic K+ concentrations for longer periods oftime in the transgenic plants. Only later, as Na+ concentrations increase within plant cells and the apoplast, and the cytosolic and vacuo lar pools of K+ are eventually depleted, would the contribution of AtNHX1 to salt tolerance gradually decline, and salt-specific maladies appear (Munns, 2002) . Greater K+ contents in salt-tolerant transgenic plants expressing NHX proteins have also been described by others (Xue et al., 2004; Wu el al., 2005; Zhao el al., 2006; Rodriguez-Rosales el al., 20081 . In addition, the enlarged pool 01 K' in the vacuoles of tomato plants expressing AtNHX1 required the coordinated accumulation of compatible solutes (Table 3) . Transgenic AtNHX1 plants showed a significantly greater accumulation offree sugars even iftheywere nottransferred to salt. Under salt stress, the transgenic plants accumulated more proline than controls, another feature often linked to salt tolerance (Hasegawa et al., 2000) . However, the combined accumulation of K+ and compatible osmolytes in the transgenic plants did not result in a significantly different osmotic potential compared with control plants (Table 3) . Therefore, we posit that the survival of AtNHX1-expressing plants under salt-shock was unlikely to be caused by improved osmotic adjustment, but instead by the greater K+ accumulation befo re salt treatment and K+ retention afterwards, together with the well-known protective effects of compatible solutes agai nst the dehydration and oxidative stress associated with salinity. The additive effect of each of these individual features may contribute to improve the salt tolerance of the transgenics.
Concluding remarks
Our results reveal that NHX protei ns are li kely candidates for the H+-linked K+transport responsible for active K+ uptake at the tonoplast, to facilitate the partitioning of K+ between the vacuole and the cytosol. This critical function should be taken into consideration for understanding the salt-tolerant phenotype widely reported for plants overexpressing NHXtype proteins, some ofwhich are not significantly affected in Na+ compartmentation.
EXPERIMENTAL PROCEDURES
Tomato transformation and molecular methods
For plant transformation, the AtNHXl open reading frame {ORF) was inserted into vector pBI321 {Martínez- Atienza et al., 2007) between the CaMV 355 gene promoter and the nopaline synthase gene {NOS) terminator. The resulting plasmid was electroporated into Agrobacterium tumefaciens strain LBA4404 for transformation of cotyledon pieces. The protocol used was as described by Meissner et al. {1997) , except that 150 mg mi-lar 60 mg ml-l ticarcillin were used. In this study, only homozygous T 2 and T 3 plants {established by segregation analysis) oftransgenic lines were used in physiological or phenotypic experiments. Reverse transcription {RT)-PCR for the detection of gene transcripts was performed as described in Ruiz et al. {1998) . The PCR reactions were performed with primers annealing to genes AtNHXl {AF106324), tomato HAK5 {OQ489721) and tomato TOM41 {U60480). For western blotting, microsomes were purified as described below and probed with antibodies raised against AtNHX1 {Quintero et al., 2000) . The AtNHX1 protein was purified as described by Venema et al. {2002) .
Plant culture and chemical analyses
Seeds were germinated at 28"C in Petri dishes, and 3-day-old seedlings were transplanted into plastic holders containing rockwool, and were then transferred to 8-L plastic containers with modified Long Ashton solution, containing: 4 mM N0 3 -, 1 mM H 2 P0 4 -,3 mM SO/-, 4 mM K+, 2 mM Ca 2 +,1 mM Mg 2 +,50 11M Fe {as FeEDDHA), 10 11M Mn, 1 11M CU, 5 11M Zn and 30 11M B. In the standard medium, the K+ concentration was 4 mM. In experiments with different K+ levels, the required concentration was obtained by adding 0.5 M K 2 S0 4 . Salinity treatments were administered to 2-week-old plants in hydroponic culture. Salt was added at 25 mM increments every 12 h until reaching 75 or 150 mM Na+ {as NaCI), or as a salt-shock with 300 mM Na+ {as Na2S04), in the nutrient solution. Plants were kept in a growth chamber with the following conditions {day/night): 25/20 ± 2°C; 40/60% relative humidity; 14-h light; photosynthetically active radiation {PAR), 250 I1mol m-2 S-l. For ion analyses, plants were separated into leaves, stems {includ-ing petioles), fruits and roots, and were weighed. Roots were washed thoroughly in tap water and blotted dry befare weighing. AII plant parts were dried at 70°C for 48 h in a forced-air oven. From fresh-and dry-weight measurements, water contents {in 9 H 2 0 {g dry weight¡-l) were obtained. Potassium and sodium were extracted from finely ground material with hot water under pressure by autoclaving samples, and then measured by atomic absorption spectrophotometry {AAS) {Perkin-Elmer 1100B, http:// www.perkinelmer.com). Sugar content was estimated by the phenol-sulfuric assay using glucose as standard {Ashwell, 1969). Proline was determined by reverse-phase HPLC following precolumn derivatization with phenylisothiocyanate {Heinrikson and Meredith, 1984) . Osmotic potentials were determined from saps extracted from frozen tissues using a Wescor psychrometer HR-33T and sample chamber C-52. AII statistical analyses were performed with the software package STATISTIX {http://www.statistix.com).
Vacuolar membrane isolation and ion transport
Isolation of tonoplast membranes and measurement of cation/ proton exchange were as described by Barkla et al. {1999) , except that fluorescence quenching of 9-amino-6-chloro-2-methoxy-acridine {ACMA) was used to monitor the formation and dissipation of pH gradients. Purified tonoplast vesicles {50 I1g of protein) were added to a buffer containing 250 mM mannitol, 10 mM bistris-p ropane-2-{ N-morph oli ne)-ethanesu Ip han ic acid {BTP-MES) {pH 8.0), 100 mM tetramethyl ammonium chloride, 3 mM MgS0 4 and 1 11M ACMA {1 mi final volume). Fluorescence was recorded with a Hitachi fluorescence spectrophotometer {FL-2500; http:// www.hitachi.com) in a thermostated cell {26°C) at excitation and emission wavelengths of 415 and 485 nm, respectively {slit width, 10 nm). The reaction mixture was stirred and maintained at 26°C throughout the transport assays. Formation of acid-inside pH gradients were started with the addition of 1.5 mM ATP-BTP {pH 8.0). When fluorescence stabilized, the initial rate of dissipation was measured after the addition of NaCI or KCI salts. Exchange rates are expressed as fluorescence recovery relative to that prior to ATP addition {f1F/F max ) per minute and milligram of protein. To estimate the kinetic parameters of AtNHX1, the rates oftransport in wild-type vesicles were subtracted from the rates obtained for vacuoles containing AtNHX1. Exchange rates at each substrate concentration were fitted to Michaelis-Menten kinetics by using non linear regression with KALEIDAGRJ\PH {Synergy Software, http://www. synergy.com).
Root K+ uptake
Root K+ uptake was estimated by measuring Rb+ uptake {Benlloch et al., 1989) or measuring K+ depletion from the incubation solution with a K+-specific electrode. Tomato plants grown in full nutrient solution were transferred to K+ -free solution for 48 and 96 h befare measuring Rb+ uptake in nutrient media containing various concentrations of RbCI for 10 mino Then, roots were immersed in icecold 5 mM CaS04 for 5 min, blotted on filter paper, cut off and their weight determined befare being frozen at -70°C. The Rb+ concentration was determined in centrifuged homogenates by AAS. Accumulation rates at each Rb+ concentration were fitted to Michaelis-Menten kinetics by using non linear regression with KALEIDAGRJ\PH {Synergy Software). For K+-uptake measurements using the K+-selective electrode, plants were transferred to a medium containing 0.25 mM KCI and 2 mM CaCI 2 . Variation in K+ concentration was continuously recorded using an ion meter equ ipped with K+ and reference electrodes {Crison). An additional estimate of K+ uptake was performed by AAS analysis of K+ concentration in the xylem sap collected from de-topped plants at harvest.
Vacuolar compartmentation
Vacuo lar contents in leaves and roots were analyzed by EDX. For EDX analysis, pieces of freshly halVested fully expanded leaves or the main root were used from plants grown in different salinity levels. The plant pieces were mounted in slots of copper holders and fixed with optimal cutting temperature compound {BDH, http:// uk.vwr.com). The copper holder containing the samples was dipped into a bath of slush N 2 before transferring it under vacuum into the cryopreparation chamber {CT1500; Oxford Instruments, http:// www.oxford-instruments.com) attached to the SEM {DSM 960; Zeiss, http://www.zeiss.com). The temperature in the chamber was left to rise from -163 to -90°C and was then set for 10 min for ice sublimation before sputter-coating with gold {2 min). The SEM was fitted with an ATW detector interfaced with a Link ISIS analyzer {http://www.oxford-instruments.com). Samples were analyzed keeping the following parameters constant: accelerating voltage, 15 kV; take-off angle 42°; collecting time of X-ray counts, 100 s; working distance between sample and detector, 24 mm. Measurements were performed by focusing on exposed vacuo les of specific ce lis {mesophyll parenchyma in leaves, or cortical and vascular cylinder cells in roots), or covering cell groups from different tissues in roots {cortex and vascu lar cylinder). Solutions containing known ion concentrations and plant extracts obtained from the remaining parts of leaves and roots, in which ion concentration was determined by AAS, were used to determine the response ofthe analyzer to K+ and Na+. The linear correlation between actual element concentration {mM) and EDX recordings {counts) was statistically significant {K+, (== 0.68, P< 0.05; Na+, (== 0.85, P< 0.01) .
Electrophysiological experiments
For electrophysiological experiments, tomato seeds were germinated in distilled water and transferred for 3-4 days to media containing 2 mM CaCI 2 and 0.1 mM KCI. Membrane potentials {E m ) were measured in epidermal root cells oftomato seedlings, as described previously {Rubio et al., 2004) . Diffusion potentials {Eo) were reached after the addition of 1 mM NaCN and 1 mM SHAM {Fern-ández et al., 1999) to the aboye assay medium, buffered with 9 mM BTP-MES, pH 6.0. Cytosolic K+ activities were determined by two different approaches. First, diffusion potentials were measured at increasing external K+ concentrations {1, 10, 25 and 50 mM KCI) with single-barrel microelectrodes. Different diffusion potentials in control and transgenic roots indicated unequal cytosolic K+ activities {Mith6fer et al., 2005) . Second, cytosolic K+ activities were directly measured by double-barreled K+-selective microelectrodes. The microelectrode pre-treatment and backfilling was similar to the Wor Na+-selective microelectrodes described previously {Fernández et al., Rubio et al., 2005) . The microelectrodes were filled with a K+-sensor cocktail containing potassium ionophore I {cocktail B, cat. no. 60398; Fluka, now part of Sigma-Aldrich, http://www.sigmaaldrich.com) dissolved in a mixture of polyvinylchloride!tetrahydrofuran {40 mg ml-') at a ratio 30/70 {v/v) {Mith6fer et al., 2005) .
The signals from the K+-selective and voltage barreis were recorded and simultaneously subtracted by a high-impedance differential amplifier {FD223; World Precision Instruments, http://www.wpiinc.com). The difference was calibrated before and after the experiments with different KCI solutions {from 1 to 500 mM KCI) maintained at a constant ionic strength by the addition of MgCI 2 {Walker et al., 1995). Calibration curves showed slopes around 51 mV/pK+. The impalements were stable for at least 30 mino was obtained from CSIC-CONACYT Bilateral Cooperation Grant 2004MX0021.
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